Abstract-We propose a method for describing the spatial correlation of ranging errors in terrestrial sources. The method is based on characterizing the ranging errors in terms of azimuth and elevation angles, rather than in three-dimensional space. The change in parameters makes for a simpler data collection setup, compared with the full three-dimensional error model.
I. INTRODUCTION
The effort of providing Alternative Position, Navigation, and Timing (APNT) aims at creating systems that can provide capabilities, to civil aviation, that are similar to those enabled by Global Navigation Satellite Systems (GNSS). The ultimate development aim behind APNT is providing integrity services, like Required Navigation Performance (RNP), using only terrestrial sources [1] . With this aim in mind we present a model for the spatial distribution of ranging errors, as a means of identifying regions where the risk of significant position errors is high. The level of detail involved in providing RNP or similar services requires thorough understanding and modeling of the error characteristics of terrestrial radionavigation aids (NavAids). While some authors suggest that Distance Measuring Equipment (DME) could provide the desired capability [1] , others have suggested different systems as ranging sources, including the L-Band Digital Aeronautical Communications System (LDACS) [2] , [3] and Automatic Dependent Surveillance -Broadcast (ADS-B) [4] .
Common to the above systems is the use of ranging signals in the ARNS Band. As such, understanding the radio channel in that band is interesting in the development of APNT. There is a particular interest in understanding and modeling ranging errors, which are often a consequence of non-line-of-sight propagation [5] , [6] .
As part of DLR's ongoing APNT effort, we have collected data in different measurement campaigns [7] , [6] aimed at gaining a better understanding of the reasons behind pronounced ranging errors, particularly at low elevations. So far a large portion of the effort has centered on the characterization of the radio channel, for example through channel sounding [7] and by mapping the spatial distribution of ranging errors [5] , [6] .
The data collection experiences have led to some empirical observations that have not yet been formalized in other work. This paper is an attempt at closing that gap, identified in the future work section of [6] . Thus, we propose that ranging errors, due to non-line-of-sight propagation, can be modeled as a combination of at least three effects: 1) Lateral Multipath: Reflections from buildings or mountains travel longer distances than the LoS and, thus, provide a source of faulty measurements as they reach the receiver. 2) Ground Multipath: Specular reflection on the ground can interfere destructively with the LoS signal, significantly reducing the received power, even with clear visibility between user and ground station. 3) Attenuation of LoS: Obstacles between ground station and user can attenuate the LoS signal, to the point of completely occluding it.
A lot of work in radio propagation has focused on the first two effects: multipath interference and propagation of non-line-of-sight signals; in contrast, for the ground-to-air channel we have observed strong components of lateral multipath. In practical terms the presence of abundant lateral multipath means that, regardless of whether a LoS signal is available, identical copies of the nominal signal will reach the receiver. In consequence any attenuation in the LoS signal will likely translate into ranging errors [7] .
The aforementioned modeling gap refers to the observation that few authors have looked at constructing methods for modeling attenuation, or even full occlusions, of the line of sight between a given location and the corresponding terrestrial ranging source. At least one contribution, in the prior art, highlights the co-dependence of ranging errors with obstacles along the line of sight, as identified in a panoramic image [5] .
A. Original Contribution
From the above list of effects that dominate multipathinduced ranging errors, we focus on the occlusion of the LoS, for the purposes of this paper. Lateral multipath is common enough that a conservative model must consider it as a permanent threat, while a description of ground multipath will remain an item for future work.
For this paper we present a model that enables us to describe the spatial distribution of the ranging error, as seen from a terrestrial ranging source. The spatial correlation of terrestrial ranging errors can then be used to predict regions of availability, or lack thereof, for terrestrial ranging sources, as used in aviation. The model we propose addresses an Fig. 1 . Landscape features can occlude the visibility of objects that are much higher up in the air, than the height of the objects themselves, depending on the distance of the objects from the ranging source. For an airborne vehicle, traveling several tens of km away from a ground station, even relatively small objects can occlude the line-of-sight. We propose a way of identifying risky areas in azimuth and elevation.
issue we identified in a previous paper [6] . In that paper we note that modeling of errors in terrestrial ranging systems has focused on identifying sources of multipath propagation (reflectors) from channel-sounding measurements, but has neglected modeling the attenuation or occlusion of the line of sight.
We base the error model on the assumption that ranging errors correlate with occlusions of the LoS. Let it be noted that the component of ranging errors due to ground multipath will be left for future work. We also show how the shadowing effect allows a simplification of the error mapping by allowing a characterization in two parameters (azimuth, elevation), rather than three spatial dimensions.
The sketch of Figure 1 hints at how the method will work. Landscape features can block ground station visibility of points up high in the airspace, if the features are close enough to the ground station. The red-shaded areas in the sketch indicate the azimuth-dependent elevation mask, which the proposed method aims to identify.
II. GEOGRAPHIC CHARACTERIZATION OF RANGING ERRORS
Notionally it would be possible to provide terrestrial ranging with integrity by exhaustively mapping the ranging errors for all ground stations. With such data available the observed ranging biases or changes in ranging noise could be modeled and accounted for in the computation of protection levels. While the problem is tractable, in principle, an exhaustive mapping of the airspace is a daunting and expensive task. Consider that there are many points to be sampled, and each point would need to be sampled many times, if confidence levels meaningful for integrity applications are to be supported.
As an alternative we propose to map ranging errors in terms of the azimuth and elevation angles, as seen from each ranging source. The underlying model is aimed at accounting for LoS occlusions, with further modeling work required to account for ground multipath.
Over the course of several campaigns, researchers at Ohio University (OU) have collected flight data in the vicinity of OU Airport [5] , [8] . There are enough data from the vicinity of the OU airport to provide an initial understanding of what such a three-dimensional map of ranging errors might look like, but the mapping is neither exhaustive, nor can any confidence be assigned to the error models thus identified. The data, however, do support the idea of modeling ranging errors as a function of azimuth and elevation [6] .
A. Prior Model: Angular Slices
In a joint measurement campaign between DLR and OU we collected further measurement data [6] , partly with the aim of continuing the effort of mapping the ranging error, but also with the hope of better understanding the causes of locally correlated ranging errors.
The main result from the work presented in [6] was the modeling of ranging errors in terms of angular sectors, resembling slices of a pie, as shown in Figure 2 . The notion, however, was that such a characterization would be done at different altitudes. The data collected in the DLR-OU flight campaign, even combined with data from prior campaigns at OU, are too sparse to allow meaningful modeling of the terrestrial ranging errors. The need to tackle data sparsity led to the idea behind the modeling approach proposed for this paper: mapping ranging errors in terms of the azimuth and elevation angles for each ground station, rather than mapping ranging errors exhaustively for the entire airspace.
B. Mapping Errors in Azimuth and Elevation
In contrast with the three-dimensional characterization of the position error, it is possible to map the ranging error based on the azimuth and elevation angles relative to each source. This range-domain approach allows a reduction in the amount of data required to characterize the ranging errors in the vicinity of a terrestrial ranging source. One strategy could be to characterize the error at a particular altitude and extrapolate the results, using the proposed model, along the lines of sight.
As suggested in Figure 3 , the attenuation (or occlusion) of the LoS path at a particular azimuth and elevation will typically indicate that the LoS will also be affected for lower elevation angles along the same azimuth. The key point of the characterization is to identify, for each azimuth angle, the elevation angle at which the LoS will be cut off.
III. METHOD
Both [5] and [9] propose that terrestrial ranging errors can be described in terms of azimuth and elevation angles. Furthermore, both authors propose methods by which a skilled operator, using a panoramic image, can predict areas where ranging errors are prevalent and where they are not. This section is dedicated to the algorithm that enables the characterization of the vicinity of a ground station, without requiring a panoramic image or a human operator.
We use the term "characterization" to denote the creation of a map of the measurement error in the vicinity of a terrestrial ranging source. The map will contain information about the mean ranging error and the standard deviation, both of which will be computed for pairs of azimuth and elevation angles. An azimuth-elevation pair defines a line of sight and the assumption inherent in this modeling approach is that the ranging error is invariant along the LoS. This assumption is conservative as long as the bias terms and standard deviations are computed adequately.
Henceforth we refer to portions of the map where the mean error is zero as "nominal". Appropriately we label portions where the mean is non-zero as "faulted".
A. Characterization Algorithm
Mapping the ranging error around a ground station requires flight testing, with equipment similar to that in [6] , but with a flight path that covers the surrounding more exhaustively. Each position x i along the flight path corresponds to one azimuth-elevation pair (φ i , θ i ). At each position collect one range measurementρ i , which can be categorized by its (φ i , θ i ) into a discrete set of azimuth and elevation angles, which can be advantageous for statistical analysis. We denote the discretized azimuth and elevation angles with Φ k and Θ k .
Ranging errors ε ρ,i are computed from taking the difference between the ranging measurementsρ i and the range computed from ground truth ρ i . The ground truth is computed from post-processed GNSS measurements that give highly accurate measurements of x i , which are in turn subtracted from the known position of the ground station x G . Thus, the range considered ground truth is:
and the corresponding ranging error becomes:
In the absence of multipath errors, the distribution of all ε ρ,i is typically zero-mean Gaussian, with a standard deviation σ ρ that depends on the signal-to-noise ratio (SNR):
Discretizing the set of φ i , θ i into bins of Φ k , Θ k allows us to study the dependence of ε ρ on φ and θ. Thus, for the k th azimuth-elevation bin in the map we obtain a set of n k different ranging errors ε ρ,k with a sample mean m k and a sample variance s Fig. 4 . The processing of data to create an azimuth-dependent elevation mask. We collect ranging measurements (ρ i ) for many different combinations of azimuth (φ i ) and elevation (θ i ) angles. A satellite-based precise positioning algorithm provides a ground truth for the characterization, as well as the actual measurements of φ and θ. The difference between the true range ρ i and the measurementρ i yields the measurement error ε i . If the data for a given combination of azimuth and elevation (Φ k , Θ k ) is determined to be faultfree, it is recorded as "nominal" point, otherwise it will be labeled "faulted".
with variance σ 2 ρ , for example by computing the confidence interval of the mean. If the confidence interval contains zero and is sufficiently narrow, compared to σ ρ , the distribution can be assumed to be nominal. This is equivalent to stating that the LoS from ground station to aircraft is unobstructed.
Given the sample mean of the error distribution in the k th bin, the confidence interval for the mean of the error μ k , with known σ ρ and confidence level α is given by
where z 1−α/2 is the 1−α quantile of the Gaussian distribution (the number of standard deviations from the mean that contain the fraction 1 − α of the data), which is typically tabulated or provided in software.
Assuming that the mean error for a fault-free LoS is zero, equation (4) also allows us to compute the number of independent samples of the error in each bin that will provide a confidence α on the estimate that the mean is no greater than an upper bound U . We simply take the upper bound on μ, from equation (4) and solve for n k , which yields:
Note that the equality of equation (4) becomes an inequality because N is an integer, but z α/2 σρ U 2 could be fractionary.
The remaining issue is the decision of whether the data within a particular azimuth-elevation bin correspond to an occluded LoS or not. If the sample mean is greater than a particular threshold T , the bin will be recorded as "faulted", else it will be considered "fault free". The reporting threshold T can be derived from equation (4), by defining:
If the set of ranging errors, within a bin k of Φ k , Θ k has an estimated meanμ k (Φ k , Θ k ) that is less than the threshold T , the mask entry corresponding to Φ k and Θ k will be considered nominal; if the mean μ k is greater than T the location will be recorded as faulted or do-not-use.
Note that for practical reasons, the value given by equation (6) may have to change in accordance with empirical observations. For example, some values of T might yield an LoS mask that is more practical than that of a different value, or it might provide a better standard of safety or repeatability.
B. Considerations for Flight Path Design
If the aim is to identify the areas around a ground station that are not affected by occlusions, one could be tempted to do an exhaustive search of all azimuth and elevation angles. The approach to error characterization described in [8] is to fly along spider-web-like paths that consist of orbital and radial segments, with the ground station in the middle. We present a few simplifying assumptions, with justifications, that will reduce the scope of the characterization effort:
1) There exists a maximum elevation, above which no stationary interruptions of the LoS exist. This assumption is justified as long as no large aerostats block the lines of sight directly above the ground station.
2) If the LoS is blocked for a particular azimuth-elevation pair, all pairs with the same azimuth and lower elevation will also have an occluded LoS. This is also true as long as no aerostats permanently block a portion of the view without blocking the ground beneath them.
According to assumption 1 it is desirable to find the lowest elevation (θ H ) for which no LoS blockages occur, as this will give an upper bound for the region to be characterized. Any bins with a higher elevation can then be assumed to be fault free. Conversely, there also exists an elevation angle at which either all directions are blocked or the flight path altitude is outside the legal airspace. It is desirable to identify the greatest elevation angle to which that applies (θ L ). The characterization does not need to be conducted outside that range, as for elevations greater than θ H no occlusions can occur and for elevations below θ L all directions are occluded.
With the considerations of the previous sections and the above assumptions, one possible approach would be to:
• Identify θ H and θ L • Verify that the identified θ H is adequate, by flying a circle • Increase radius of circle by an amount that will reflect in a fixed decrease in elevation, while maintaining altitude • Continue decreasing elevation angle of circle until θ L This sweep in elevation angle can be achieved, for example, by flying at very low altitude and following circles of increasing radius. Alternatively, the initial circle could be located higher up, though still at θ H , and decrease in elevation could be achieved by following circles of the same radius, but decreasing altitude.
IV. DISCUSSION
The strength of the proposed method lies in being able to identify those angular portions around a terrestrial station where the LoS will be unobstructed. The data collected from flight tests provides assurances, based on the confidence intervals of the mean error, that the ranging error in the nominal areas will be negligibly small. We see the most likely application of the method as the characterization of ranging errors along particular routes. With the understanding that multipath-induced ranging errors are less critical at high altitudes, it seems evident that characterization needs to prioritize low-altitude portions of flights, such as approaches to airports or departure routes.
An important point to make is that the proposed model provides a way of predicting the availability of terrestrial signals. The prediction is conservative, in the sense that an attenuation of the LoS signal does not necessarily yield a ranging error. In fact, Figure 2 shows one arc segment within the gray-shaded area where the ranging error appears to be negligibly small. These are special situations that will require further analysis, but as currently conceived, the method will report faults at these locations.
V. FURTHER WORK
The proposed approach to modeling errors from terrestrial ranging sources is based as much on empirical observation, as it is based on qualitative reasoning. The current focus is to collect data to validate (or invalidate, if appropriate) the predictions. In an operational context the characterization would have to be done using full-fledged flight trials, similar to those in [6] or [7] . In the context of validating the concepts presented in this paper, however, a small-scale approach may prove sufficient. In such a test setup, the space to be characterized would be smaller, the moving vehicle need not be a manned aircraft, and the features blocking the horizon can be closer to the ground station than in an aviation context.
A second issue to be addressed in the future is the treatment of ground multipath. The method proposed in this paper does not yet account for it and will probably have to be tweaked accordingly by appropriate flight-path design and/or a characterization of the ground reflectivity around each terrestrial ranging source.
Another potential issue to be addressed in the future is that of ray bending due to tropospheric effects. This effect has been described by many authors [7] and can create a mismatch between the geometric LoS and the ray path actually traveled by the radio wave, but existing models focus on spacebased ranging sources, rather than terrestrial sources. While tropospheric refraction will cause the elevation mask to blur, it remains to be seen whether this blurring is significant or not.
Finally, the methods in this paper assume flat terrain. We plan to update the methodology to accommodate mountainous terrain, which requires modeling the distance from the ground station at which occlusions occur. In that case multiple elevation masks need to be computed for different horizontal distances from the ground station.
VI. SUMMARY In this paper we introduce a model that describes ranging errors from terrestrial sources, exploiting the spatial correlation of the error. The method improves on previous attempts to characterize ranging errors in a three-dimensional map; it enables a reduction in the dimensionality of the data by binning error measurements into angular secions in azimuth and elevation, rather than along spatial cooridnates. This reduction, in turn, allows the data collection effort to be smaller in scope than for a full three-dimensional solution.
